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Abstract

Gas chromatography (GC) stands as a cornerstone technique in analytical chemistry, o ering precise separation,
identiycation, and quantiycation of compounds across various industries. This review encapsulates recent advancements
in GC methodologies, covering innovations in column technologies, detectors, sample introduction systems, and data
analysis techniques. Moreover, it delves into the application of GC in yelds such as environmental analysis, food safety,
forensics, and pharmaceuticals. Additionally, emerging trends like microfabricated devices, multidimensional GC, and
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In% o Sion

Gas chromatography (GC) stands as a cornerstone technique
in analytical chemistry, o ering precise separation, identi cation,
and quanti cation of compounds across various industries. Over the
years, GC methodologies have undergone signi cant advancements
driven by the increasing demands of modern analytical challenges
[1]. is comprehensive review aims to provide a detailed overview of
the recent progress and innovations in GC techniques, covering key
developments in column technologies, detectors, sample introduction
systems, and data analysis techniques. e versatility and robustness
of GC have led to its widespread adoption in diverse elds, including
environmental analysis, food safety, forensics, pharmaceuticals, and
petrochemicals. In each of these applications, GC plays a crucial role in
ensuring product quality, safety, and regulatory compliance [2]. Recent
years have witnessed a surge in research e orts aimed at improving
the performance, sensitivity, and e ciency of GC methods to meet
the evolving needs of these industries. Advancements in column
technologies have led to the development of novel stationary phases,
such as porous polymers, metal-organic frameworks (MOFs), and
monolithic columns, which o er enhanced separation e ciency and
selectivity. Moreover, improvements in column coatings and packing
materials have contributed to reduced analysis time and increased
sample throughput [3].  ese innovations have expanded the range of
compounds amenable to GC analysis and improved the resolution of
complex sample mixtures. Detectors are another critical component of
GC systems, determining the sensitivity and selectivity of compound
detection. Recent advancements in detector technologies have led to
the introduction of highly sensitive and selective detectors, such as
mass spectrometry (MS), tandem mass spectrometry (MS/MS), and
atomic emission detection (AED). ese detectors o er improved
compound identi cation capabilities and enable the analysis of trace-
level compounds in complex matrices [4]. E cient sample introduction
systems are essential for achieving reliable and reproducible GC
analysis. Recent developments in sample introduction techniques, such
as headspace analysis, solid-phase microextraction (SPME), and purge
and trap (P&T), have focused on improving automation, throughput,
and sample handling capabilities.  ese advancements have facilitated
the analysis of a wide range of sample types and enabled the detection
of trace-level compounds with high precision. Data analysis is another
critical aspect of GC analysis, requiring sophisticated algorithms and
so ware tools for peak detection, deconvolution, and compound

identi cation. Recent advancements in data analysis have focused on
the development of robust chemometric approaches, such as principal
component analysis (PCA), partial least squares (PLS), and multivariate
curve resolution (MCR), for analyzing multidimensional GC data and
extracting relevant information recent advances in GC techniques
have signi cantly enhanced the capabilities and applications of this
powerful analytical tool [5]. By embracing innovative technologies and
methodologies, GC continues to play a pivotal role in addressing the
analytical challenges of diverse industries, driving progress in science,
technology, and society.  is comprehensive review aims to provide
researchers, analysts, and professionals with valuable insights into
the latest developments in GC techniques and their implications for
analytical chemistry and beyond.

C.“_Vm!‘_tﬁ,“l‘ml.{;%: e choic_e of ghromatggraphic column
plays a critical role in GC separations, in uencing factors such
as resolution, e ciency, and selectivity. Recent advancements in
column technologies have focused on enhancing chromatographic
performance, stability, and versatility. Innovations such as the
development of novel stationary phases, including porous polymers,
metal-organic frameworks (MOFs), and monolithic columns, have
expanded the range of compounds amenable to GC analysis. Moreover,
improvements in column coatings and packing materials have led to
enhanced separation e ciency and reduced analysis time [6].

Desese g2 Detection is a crucial component of GC analysis,
determining the sensitivity, selectivity, and detection limits of
the method. Recent advancements in detector technologies have
signi cantly improved the analytical capabilities of GC systems.
Traditional detectors such as ame ionization detector (FID) and
electron capture detector (ECD) have been complemented by newer
techniques such as mass spectrometry (MS), tandem mass spectrometry
(MS/MS), and atomic emission detection (AED) [7].  ese detectors
o er improved sensitivity, selectivity, and compound identi cation
capabilities, enabling the analysis of complex sample matrices with
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greater precision and accuracy.

S 'm,Pr in® ad ion %€ . E cient sample introduction
is eésentlal for achieving rellak'ﬂ'e and reproducible GC analysis.
Recent developments in sample introduction systems have focused
on improving automation, throughput, and sample handling
capabilities [8]. Techniques such as headspace analysis, solid-phase
microextraction (SPME), and purge and trap (P&T) have been
optimized to enhance analyte recovery and minimize matrix e ects.
Additionally, advancements in sample preparation techniques, such
as derivatization and preconcentration, have facilitated the analysis of
trace-level compounds in complex samples.

D ¢ 28 e analysis of GC data requires sophisticated
data"p'(otfesélng and interpretation techniques to extract meaningful
information from complex chromatographic pro les. Recent
advancements in data analysis have focused on the development of
robust algorithmsand so ware tools for peak detection, deconvolution,

and compound identi cation [9]. Moreover, chemometric approaches
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